Microstructure and dielectric properties of La 2 O 3 doped Ti-rich barium strontium titanate ceramics, prepared by solid state method, were investigated with non-stoichiometric level and various La 2 O 3 content, using XRD, SEM and LCR measuring system. With an increase of non-stoichiometric level, the unit cell volumes of perovskite lattices for the single phase Ti-rich barium strontium titanate ceramics increased due to the decreasing A site vacancy concentration V A . The unit cell volume increased and then decreased slightly with the increasing La 2 O 3 content. Relatively high non-stoichiometric level and high La 2 O 3 content in Ti-rich barium strontium titanate ceramics contributed to the decreased average grain size as well as fine grain size distribution, which correspondingly improved the temperature stability of the relative dielectric constant. The relative dielectric constant rRT , dielectric loss tanδ RT and the maximum relative dielectric constant rmax decreased and then increased with the increasing non-stoichiometric level. With the increase of La 2 O 3 doping content, the relative dielectric constant rRT increased initially and then decreased. The maximum relative dielectric constant rmax can be increased by applying low doping content of La 2 O 3 in Ti-rich barium strontium titanate ceramics due to the increased spontaneous polarization.
Introduction
Barium titanate BaTiO 3 (BT) is a typical ABO 3 perovskite structure material [1] well-known for its excellent electric properties, which allow for its utilization in a variety of electronic applications such as multilayer capacitors, positive temperature coefficient resistors, transducers and so on [2] [3] [4] . The high relative permittivity and low dielectric loss of the material are favored in the microelectronics industry since they enable device miniaturization. Barium strontium titanate Ba x Sr 1 − x TiO 3 (BST) is a solid solution family composed of barium titanate and strontium titanate with the Curie temperature covering a wide range from −250°C to 120°C. BaTiO 3 can transform upon temperature through the cubic paraelectric, ferroelectric tetragonal, orthorhombic and rhombohedral phase * E-mail: czhang1981@hotmail.com in descending order [5, 6] . When strontium atoms are introduced into A site in a perovskite barium titanate matrix to replace barium atoms, the phase transition temperature from paraelectric to ferroelectric decreases and the phase transition behavior changes from sharp to diffuse, which makes the temperature stability of dielectric parameters of BST ceramics better than that of BT ceramics in the phase transition temperature range [7] . However, in order to enable the BST ceramics to become a candidate for temperature stable "X7R" capacitor, one of the multilayer ceramic capacitor categories based on the standards of Electronic Industries Association (EIA) [8] , the conflict between the excellent dielectric properties at room temperature and good dielectric temperature stability in the uniform BST ceramics [9] has to be overcome.
In the past decade, an effective process of introducing dopants of rare earth elements into BST at A and/or B site, was used rather than controlling Ba/Sr ratio to modify the BST dielectric properties [10] [11] [12] [13] . The rare-earth element is found to be an effective factor in controlling the temperaturedependence of the dielectric properties. Doping a large rare-earth ion, such as La 3+ , into the stoichiometric BST lattice results in the strong broadening of the Curie peak [14] . In our previous work, we have found that with the increase of La 2 O 3 doping content, the dielectric constant and dielectric loss at room temperature for the stoichiometric (Ba 0.74 Sr 0.26 )TiO 3 ceramics increase considerably [15] .
It is well known that the dielectric properties of BaTiO 3 ceramics are not only dependent on the oxygen partial pressure (pO 2 ) and sintering temperature/time but also the overall A/B ratio [16] . Recently, some influences of A/B ratio on the microstructures and dielectric properties in BST ceramics have been gradually explained. Dong et al. [9] concluded that adding excessive TiO 2 could remarkably inhibit grain growth, as well as suppress and broaden the Curie peaks in compositionally inhomogeneous BST ceramics.
The above two methods, helping broaden the BST Curie peak, evoke our interests in the dielectric properties of rare earth element doped nonstoichiometric BST ceramics aiming for "Y5V" or "X7R" capacitor applications. Therefore, in this article we report a systematic study of the microstructure, point defect behavior and dielectric properties of Ti-rich (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics (A/B ratio <1) taking the trivalent La 3+ ions as a dopant. The influences of δ value (namely the nonstoichiometric level) and La 2 O 3 doping content on the point defect behavior and the dielectric properties of barium strontium titanate ceramics are discussed. (> 99 .0 %), reground, dried and added with 5 wt.% polyvinyl alcohol (PVA) as a binder for granulation. The mixture was sieved through 60-mesh screen and then pressed into pellets, 10 mm in diameter and 2 mm in thickness under 250 MPa pressure. Sintering was conducted in air at temperatures between 1300°C and 1330°C for 1 to 4 h. For dielectric measurements, both flat surfaces of the specimens were coated with BQ-5311 silver paste after ultrasonic bath cleaning and then fired at 800°C for 10 min.
Experimental
The crystal structures of the specimens were studied by X-ray diffraction analysis (XRD, Rigaku D/max 2500v/pc) with CuKα radiation. The surface morphologies of the specimens were observed using the SEM (JSM-6480 ESEM). The capacitance value, electrical resistance R and dissipation factor D were measured with LCR-8101G Automatic LCR Meter at 1 kHz. The relative dielectric constant r , the loss tangent tanδ and DC resistivity ρ were calculated as follows: 3. Results and discussion
XRD and SEM analysis
The X-ray diffraction patterns of as sintered La 2 O 3 doped (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ bulk ceramics are shown in Fig. 1 . As indicated in Fig. 1a , all these polycrystals are single-phase solid solutions with a typical perovskite structure, which implies that La 3+ ions have been incorporated into the lattice of the non-stoichiometric barium strontium titanate solid solution. The XRD profiles focusing on the (1 1 0) diffraction peaks of the BST samples with different non-stoichiometric levels (namely δ) and La 2 O 3 doping concentrations (namely x) are presented in Fig. 1b and Fig. 1c , respectively. With the increase of δ, a slight shift of diffraction peaks for the perovskite phase to lower two-theta values is observed (Fig. 1b) , which indicates that the unit cell volumes of ABO 3 perovskite lattices increase as the δ increases. Also, the lattice parameters a and c of the tetragonal cell as well as the unit cell volumes, shown in Fig. 2 , are calculated according to the peak locations and Miller indices. It can be seen that the unit cell volumes of perovskite lattice increase as the δ increases. It is believed that A-site vacancies V A and oxygen vacancies V ..
O , which are revealed by the following point defect reaction equation: ceramics. Therefore, the concentration of V A and V .. O vacancies increases with the increasing δ value. As reported previously, with increasing Sb 2 O 3 concentration in Ti-rich BST ceramics, Sb 3+ ions initially enter the A-site vacancies V A to diminish the V A concentration and then partially substitute for the A-site ions in perovskite lattice to generate more A-site vacancies V A [17] . So, in the considered 1.0 wt.% Sb 2 O 3 doped (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics, the larger the δ value, the more Sb 3+ ions are needed to neutralize the A-site vacancies V A shown in equation 4 and less remaining Sb 3+ ion can contribute to the generation of new V A , which means that the larger the δ value, the less V A vacancies remain in the present (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics. It is exactly the decreasing V A concentration that makes the unit cell volume increasing with the increase of δ value. With lanthanide contraction, the site occupation of rare earth ions in BaTiO 3 changes as follows: Ba sites → both Ba and Ti sites → Ti sites [18] . It is believed that La 3+ ions commonly enter the A sites of BT [19] and BST perovskite structure [14] . Then the following defect reaction takes place:
Therefore, the V A concentration decreases first and then increases with the increasing La 2 O 3 doping content and correspondingly the unit cell volume increases and then decreases with the increase of La 2 O 3 content. In terms of size, the ionic radii of Ba 2+ and Sr 2+ in 12 coordination are 0.161 nm and 0.144 nm, respectively. The radius of La 3+ ion in 12 coordination is 0.132 nm which is smaller than that of A-site ions. When La 3+ ions substitute Table 2 shows the relative dielectric constant and dielectric loss of (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics as a function of non-stoichiometric level δ at room temperature. It is obvious that all the nonstoichiometric (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics possess high relative dielectric constant which is more than 3500 at room temperature. The relative dielectric constant and dielectric loss decrease and then increase with the increasing δ value. Temperature dependence of the relative dielectric constant and dielectric loss for the (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics is shown in Fig. 6 . The relative dielectric constant first increases, achieves a maximum ( rmax ) and then decreases with increasing temperature. As shown 
Dielectric characteristics
where C RT is the capacitance value at room temperature (namely 25°C); C t is the capacitance value at any other temperature. As shown in Table 2 ceramics can be improved by increasing δ, which can be explained using the so called grain boundary effect. The diffusion of non-ferroelectric grain boundaries among the barium strontium titanate ferroelectric grains helps the orientation of ferroelectric domains below the Curie temperature, which makes the ferroelectric-paraelectric phase transition possible in a relative broad temperature range. The average grain size of (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics with high non-stoichiometric level is reduced obviously compared with the low non-stoichiometric level samples, which means the grain boundary buffering effect becomes more significant in high non-stoichiometric level samples. Macroscopically, the Curie peak for high δ samples is broader than that for low δ ones, as shown in Fig. 6a . It was reported that the lattice deformation and inner stresses can cause the increase in relative dielectric constant [20] . Above the ferroelectric-paraelectric transition temperature, the relative dielectric constant of ferroelectrics as a function of temperature can be described by the Curie-Weiss law:
where k is the Curie constant and T 0 is the CurieWeiss temperature. Therefore, the temperature dependence of inverse dielectric constant 1/ r can be expressed linearly: The temperature dependence of inverse dielectric constant for (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics is shown in Fig. 7 . The Curie-Weiss temperature and Curie transition temperature for (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ ceramics are shown in Table 3 . With an increase in δ, there is no obvious shift for Curie temperature which is constant at about 9°C for all (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ samples. A large difference between the CurieWeiss temperature and Curie temperature of (Ba 0.75 Sr 0.25 )Ti 1 + δ O 3 + 2δ samples with high nonstoichiometric level can be noticed. Table 2 while that of 0.4 wt.% La 2 O 3 doped sample is around 15972. The rmax of 0.8 wt.% La 2 O 3 doped sample is higher than 17500, which implies that low La 2 O 3 doping content can enhance the permittivity maximum value. Similar phenomenon has been reported for BaTiO 3 ceramics. For the composition Ba 1 − x La x Ti 1 − x/4 O 3 , where x = 0.05, the permittivity has a maximum value of 19000 at 18°C, compared with a typical value of 10000 at 130°C in undoped BaTiO 3 ceramics [21] . The value of permittivity maximum at the tetragonal/cubic phase transition in ceramic samples prepared in O 2 increased to ∼25 000 for x = 0.06 at −9°C [22] .
With increasing La 2 O 3 doping content, the decreased V A concentration and correspondingly the increased unit cell volume lead to a longer distance between the central ion and its nearest neighbors in the oxygen octahedron in perovskite lattice as well as the decreased inner stresses. The movement of the central ion is relatively less confined, which enhances the spontaneous polarization of the perovskite grain lattice and results in increasing rmax for low La 2 O 3 content doped non-stoichiometric BST ceramics. However, the decreased inner stresses which make the rmax decreasing become competitive against the increased spontaneous polarization. Apparently, the increased spontaneous polarization is the predominant factor for La 2 O 3 doped samples between the conflicting two since the rmax increases with the increasing La 2 O 3 content. When La 3+ ions substitute the host A-site ions in high La 2 O 3 content samples, such as B4, the weakened spontaneous polarization, which is attributed to the decreased unit cell volume and thus the decreased rmax , can be predicted.
As shown in Fig. 8 , the flattened curves of relative dielectric constant as a function of temperature for the 0 wt.% and 1.6 wt.% La 2 O 3 doped (Ba 0.75 Sr 0.25 )Ti 1.006 O 3.012 ceramics indicate an improved temperature stability compared with the low doping content samples such as B1, B2 and B3. The decreased average grain size and fine grain size distribution in high La 2 O 3 content samples, as shown in Fig. 4c , contribute to the improvement of relative dielectric constant temperature stability.
Conclusions
The La 2 O 3 doped Ti rich barium strontium titanate ceramic samples for capacitor applications were prepared by conventional solid state method. Their microstructures and dielectric properties were investigated with non-stoichiometric level and various La 2 O 3 content by SEM, XRD and LCR measuring system. It is revealed that: strontium titanate perovskite lattice increase with the increase of non-stoichiometric level. With the increasing La 2 O 3 content, the unit cell volume increases and then decreases slightly owing to the variation of V A concentration and the difference of ionic radii between La 3+ ions and A-site host ions.
2. The average grain size and grain size distribution of Ti-rich barium strontium titanate ceramics can be refined by using relatively high non-stoichiometric level and high La 2 O 3 content.
the temperature stability of the relative dielectric constant for Ti-rich barium strontium titanate ceramics can be improved by increasing non-stoichiometric level due to the grain boundary buffering effect.
4. With the increase of La 2 O 3 doping content, the relative dielectric constant at room temperature increases initially and then decreases. However, the dielectric loss decreases with the increasing La 2 O 3 content. The relative dielectric constant maximum is enhanced due to the increased spontaneous polarization in Ti-rich barium strontium titanate ceramics with low La 2 O 3 content.
